Introduction
============

Sepsis is recognized as a major cause of high mortality rate and huge financial burden in intensive care units (ICU), and characterized by refractory multiple organ dysfunction syndrome (MODS) and recurrent infection due to dysregulated response to infection. Although the interaction between invaded pathogens and host immune system is the initial step for sepsis, the balance between pro- and anti-inflammatory response determines the fate of septic patient [@B1]. Therefore, maintaining dynamic homeostasis of immune response is the prerequisite for improving the prognosis of septic patients. Current studies have shown that more than 75% of deaths in sepsis are patients over the age of 65 due to immunosenescence and increased comorbidities [@B2]. Immunosuppression, as a result of reprogramming of immune cells, was considered as a major abnormality that drove sepsis toward a highly lethal condition [@B3]. Mice that underwent cecal ligation and puncture (CLP) operation developed remarkable signs of immunosuppression on day one, including inadequate response of immune cells and high bacterial load, followed by poor outcomes [@B4]. Clinical data also provided a close relationship between immunosuppressive state and unfavorable outcome of septic patients [@B5]. Early recognition and treatments that target abnormal immune response and organ dysfunction might be of great benefits to against lethal sepsis.

Alpha 7 nicotinic acetylcholine receptor (α7nAchR) is an essential mechanism for the cholinergic anti-inflammatory pathway (CAP) which has revealed potent immunomodulatory properties in various diseases after proposed by Tracey in 2002 [@B6]. Multiple drugs that targeted peripheral α7nAchR significantly improved survival rates of septic animals by reducing production of inflammatory mediators and restoring function of immune cells [@B7], [@B8]. For example, GTS-21, a selective agonist of α7nAchR, dose-dependently down-regulated serum tumor necrosis factor-α (TNF-α) and high mobility group box-1 protein (HMGB1) levels in septic mice, accompanied with improved survival rates, indicating that peripheral α7nAchR might be a potential therapeutic target for sepsis [@B7]. Up to now, few studies have focused on exploring the potential effect of central α7nAchR on the progression and prognosis of septic challenge, while its expression was first discovered on neurons and most abundant in the central nervous system [@B9]. Actually, the central α7nAchR has been identified as responsible for cognition, memory and sensory processing after discovered localization in various brain regions, including cortex, hippocampus, subcortical limbic regions and brainstem nuclei [@B10]. Further researchers have found that the expression of neuronal α7nAchR was detected at both pre- and post-synaptic loci, and implicated in neurotransmitter release and signaling transmission for learning and memory [@B11]. Interestingly, activation of brain α7nAchR was reportedly shown to elevate both acetylcholine and dopamine concentrations, representatives for two distinct neural pathways, although it was considered the primary receptor for cholinergic system [@B12]. This might be because choline and dopamine were both needed for regulating neurological function. Activation of brain α7nAchR did improve cognition, attention, and memory of mice subjected to neurological impairment [@B13]. Alzheimer\'s disease, as an example, was reportedly prevented by α7nAchR agonists through reducing neurotoxicity of Aβ peptide, down-regulating neuro-inflammation, and enhancing neurite outgrowth [@B14]. While animals with central α7nAchR inhibited or gene knockdown presented with deteriorating cognitive and memory impairment in multiple neurological disorders, such as schizophrenia, autism, and intracerebral hemorrhage [@B10], [@B15]. Therefore, central α7nAchR might be a promising drug target to improve brain injury diseases as one of the major resolution mechanisms. At present, the system of neuro-endocrine-immune network has provided a new horizon for sepsis treatments, especially the CAP that showed great benefits for septic animals by controlling inflammation and restoring immune function [@B16]. Additionally, it might show a more economical and efficient way to modulate inflammatory response and presents with novel therapeutic targets for sepsis. Thus, the aim of this study was to investigate the effects of central α7nAchR on multiple organ dysfunction as well as peripheral immune response, and the outcome of rats following sepsis.

Materials and Methods
=====================

Animals
-------

Male SD rats (weighing 250![](ijbsv14p0748i001.jpg)20 g) were purchased from Laboratory Animal Science of Chinese Academy of Medical Sciences, Beijing, China. All rats were kept in air-conditioned room with 12 hours (h) light and 12 h dark cycle, and free access to forage and water. All experiments were conducted in accordance with the National Institutes of Health (NIH) Guidelines and approved by the Scientific Investigation Board of the Chinese PLA General Hospital (No. SYXK2012-0014), Beijing, China.

Canal insertion of lateral ventricles
-------------------------------------

Rats were anesthetized by inhaling isoflurane (5% induction, 3% maintenance), and placed on the motorized stereotactic apparatus (Stoelting Co., Wood Dale, IL) with thermal pad to maintain body\'s temperature. The scalp of rat was disinfected by 10% povidone-iodine after hair shaved. A 2-cm-long middle incision was made to expose skull and bregma that was set as coordinate zero (x=0, y=0, z=0). Then the catheter was inserted into the left lateral ventricle and fixed by acrylic dental cement after a 1.0 mm diameter craniotomy was made in predetermined coordinates (x=-0.72 mm, y=2.0 mm, z=0). Rats were rested for at least 7 days before another operation.

Cecal ligation and puncture(CLP)
--------------------------------

CLP operation was used to reproduce septic model. Briefly, rats were anesthetized by intraperitoneal injection of chloral hydrate (5%, 30 mg/kg of body weight), and laid on the operating table. A 2-cm-long middle abdominal incision was made to expose the cecum after skin disinfection. The cecum was ligated at 75% distance between distal pole and the base of the cecum, and punctured once with 16-gauge needle. A small amount of feces was extruded by compressing the ligated cecum slightly. Then, the abdominal incision was closed in the wake of relocation of the exposed cecum. All rats were subcutaneously injected normal saline (5 ml per 100 g body weight) for fluid resuscitation. The sham group rats had cecum exposed without ligating and puncturing.

Intracerebroventricular (ICV) injection
---------------------------------------

Rats were randomly divided into three groups: the sham group, the sepsis group, and the sepsis with pharmacological intervention group. In the sepsis with pharmacological intervention group, PNU282987 (Sigma, St. Louis, MO, with doses at 0.25 μg, 0.8 μg, and 2.56 μg), a selective agonist of α7nAchR, and methyllycaconitine (MLA, Tocris, UK, with doses at 6 ng, 12 ng, and 24 ng), a selective antagonist of α7nAchR, were injected into the lateral ventricle at 0 h, 6 h after CLP surgery, respectively. The ICV injection was conducted in rats anesthetized by inhaling isoflurane. Drugs that dissolved in saline solution were administrated in a volume of 5 μl through a pre-assembled syringe needle. Then, the syringe was removed at 5 min after injection to avoid backflow. Rats of the sham group were given the same volume of normal saline. The survival rates of rats were recorded at 12 h, 24 h, 36 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h post CLP surgery.

Histological assessment
-----------------------

Specimens of heart, liver, lungs, and kidneys were harvested and fixed in 4% paraformaldehyde. These tissues were further dehydrated by ethanol gradient and embedding with paraffin. The paraffin-embedded samples were cut into 5-μm thick slices for hematoxylin-eosin (HE) staining. Histological alterations were imaged and analyzed by light microscope.

Measurements of organ functional parameters
-------------------------------------------

Serum samples were collected through the carotid artery, and centrifuged (1500 g, 15 min) to obtain the serum that was further used to analyze the biochemical parameters of heart, liver and renal function, including creatine kinase (CK), creatine kinase-MB (CK-MB), aspartate aminotransferase (AST), alanine aminotransferase (ALT), cholyglycine (CG), blood urea nitrogen (BUN), and creatinine (Cr). All these biochemical parameters were analyzed via HITACHI7600 (Hitachi, Tokyo, Japan). The wet-to-dry weight ratio (W/D) and myeloperoxidase (MPO) activity in pulmonary tissues were quantified as indicators for lung injury. The left lung was separated after rat was killed by overdose anesthetic, and its wet weight was recorded without blood and other contaminants. Then, the lung was dried at 80°C for 24 h to measure the dry weight and calculate the W/D. MPO activity was assessed by enzyme-linked immunosorbent assay (ELISA, Hycult Biotech, Netherlands) according to the manufacturer\'s instruction after lung tissues were homogenized and quantified.

Isolation of splenic T lymphocytes
----------------------------------

Splenocytes were harvested through a 300s stainless steel mesh after extraction and dispersion of rat spleens. Mononuclear cells were obtained by Ficoll-Paque density gradient centrifugation (3000 rpm, 15 min). The CD4^+^ T cells were then isolated from splenic mononuclear cells by magnetic cell sorting system (Miltenyi Biotech, Bergisch Gladbach, Germany) in accordance with the manufacturer\'s instructions. Splenic mononuclear cells were incubated with anti-CD4 magnetic microbeads (20 μl per 10^7^ cells) at 4°C for 15 min. Then, the CD4^+^ T lymphocytes were collected after magnetic separation with MS columns.

Cell counting kit-8 (CCK8) assay
--------------------------------

The proliferation of splenic CD4^+^ T cells was measured by CCK8 kit (Dojindo Laboratories, Kumamoto, Japan), according to the manufacturer\'s instructions. Purified CD4^+^ T cells that were resuspended in complete RPMI 1640 medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin were incubated with concanavalin A (Con A, 5 μg/ml, Sigma, St. Louis, MO) in a humidified incubator (37°C, 5% CO~2~) for 68-72 h. Then, 10 μl CCK8 solution was added into the cell suspension (100 μl, 2×10^6^ cells/ml), and further incubated for 2 h. The optical density value was measured at 450 nm by enzyme-linked immunosorbent assay plate reader (Spectra MR, Dynex, Richfield, MN).

Enzyme-linked immunosorbent assay
---------------------------------

Levels of interleukin-2 (IL-2), IL-4, and interferon-γ (IFN-γ) in culture supernatants were all quantified by ELISA kits (Excell Inc., Shanghai, China), complying with the protocols provided by manufacturers. The results were recorded at 450 nm by enzyme-linked immunosorbent assay plate reader (Spectra MR, Dynex, Richfield, MN).

Quantitative real-time polymerase chain reaction (PCR)
------------------------------------------------------

The mRNA expressions of IL-2, IL-4, and IFN-γ in CD4^+^ T cells were quantified by quantitative real-time PCR. Total RNA was extracted from purified CD4^+^ T cells by Trizol reagent (Invitrogen, California, CA) following the manufacturer\'s instruction. The cDNA was synthesized from total RNA through reverse transcription system (Promega, Madison, WI). The cDNA was prepared in triplicate, and quantified using SYBR Green PCR Master Mix, compounding following primers: rat IL-2, 5′CAGCGTGTGTTGGATTTGAC3′ (forward) and 5′TGATGCTTTGACAGATG-GCTA3′ (reverse); rat IL-4, 5′AACAAGTCTGGGGTTCTCGG3′ (forward) and 5′TGTTGTGAGCGTGGACTCAT3′ (reverse); rat IFN-γ, 5′AGGTGAACAACCCACAGAT3′ (forward) and 5′CTTCTTATTGGCACACTCTCTAC3′ (reverse). The gene expression was normalized with β-actin, and evaluated by the equation 2^-dCt^.

Statistical analysis
--------------------

All data was analyzed by SPSS 19.0, and expressed as mean ± standard deviation (SD) of more than three independent experiments performed in triplicate. One-way analysis of variance (ANOVA) was needed for evaluating differences among multiple groups, and student t-test was used to assess significant differences for intergroup. Survival were analyzed by Kaplan-Meier survival curves, and compared using the log rank test. P values \<0.05 were considered as statistically significant.

Results
=======

ICV injection of PNU282987 ameliorated sepsis induced multiple organ injury
---------------------------------------------------------------------------

Morphological changes of heart, liver, lungs, and kidneys were assessed at 24 h after CLP surgery, and presented direct evidences of tissue injury, as shown in Fig. [1](#F1){ref-type="fig"}A. The pathological examination of rat heart in the sepsis group revealed remarkable infiltration of inflammatory cells, focal myocardial cell edema, and necrosis in comparison with the sham group which showed clear structure and shape of myocardial cells (Fig. [1](#F1){ref-type="fig"}A, heart). We further quantified levels of serum CK (creatine kinase) and CK-MB (creatine kinase-MB), specific markers for myocardial damage, and found that both indicators displayed higher levels in the sepsis group than those in the sham group (Fig. [1](#F1){ref-type="fig"}B), indicating a severely damaged heart under septic challenge. The activation of brain α7nAchR was conducted by ICV injection of PNU282987 as mentioned above, and we noticed that treatment with PNU282987 significantly ameliorated sepsis induced heart injury, as evidenced by improved morphology and structure of myocardial cells (Fig. [1](#F1){ref-type="fig"}A), and declined levels of serum CK and CK-MB (Fig. [1](#F1){ref-type="fig"}B) when compared to the sepsis groups, but without dose-dependent effects.

The pathological features of liver also displayed obvious differences between the sepsis and the sham groups. The liver tissues of septic rats exhibited disordered arrangement of hepatocytes, focal congestion and dilatation, and elevated infiltration of lymphocytes, but no marked abnormalities were seen in liver of the sham group (Fig. [1](#F1){ref-type="fig"}A). The serum makers of hepatic injury, including AST, ALT, and CG, were all presented with prominent elevations in the sepsis groups when compared with the sham groups, while these effects were significantly reduced by ICV injection of PNU282987 (Fig. [1](#F1){ref-type="fig"}C).

The pathological sections of lungs under sepsis exposure were presented in Fig. [1](#F1){ref-type="fig"}, which revealed acute lung injury, including disorganized alveolar structures, expanded interstitium due to edema and inflammatory infiltrations, and focal congestion and hemorrhage of alveoli, while no remarkable lesions were found in the sham group. Wet to dry weight ratio and MPO activity in lung tissues were also specific indicators for pulmonary edema and acute lung injury, and both showed markedly elevation in the sepsis group in comparison to the sham group (Fig. [1](#F1){ref-type="fig"}D). Treatment with PNU282987 was identified to alleviate sepsis induced acute lung injury by attenuating morphological changes and reducing W/D ratio and MPO levels after ICV injection (Fig. [1](#F1){ref-type="fig"}A, D).

The rat kidneys were vulnerable to septic exposure, and showed diffuse damage in histological assessment after the onset of sepsis. Multifocal hemorrhage and interstitial edema were the main features of rat kidneys compromised by sepsis, as shown in Fig. [1](#F1){ref-type="fig"}-A. Diffuse infiltration of inflammatory cells and narrowed lumens of renal tubular due to swollen and caducous epithelial cells were also observed in these pathological sections of rat kidneys. Additionally, serum BUN and Cr exhibited higher levels in the sepsis group than those in the sham group (Fig. [1](#F1){ref-type="fig"}E). Central administration of PNU282987 significantly attenuated sepsis induced acute kidney injury (Fig. [1](#F1){ref-type="fig"}A, E).

ICV injection of MLA exacerbated multiple organ injury in septic rats
---------------------------------------------------------------------

The morphological changes and serum indicators of heart, liver, lungs, and kidneys were analyzed after central α7nAchR was inhibited by MLA injection. The pathological sections of heart revealed more severe damage in the sepsis with MLA injection groups than those in the sepsis groups, as evidenced with wave-like arrangement of cardiomyocytes, increased infiltration of inflammatory cells, and notable edema and necrosis of myocardial cells. However, no significant differences were seen in various doses of MLA treated groups (Fig. [2](#F2){ref-type="fig"}A). Levels of serum CK and CK-MB were observed higher levels in the MLA treated sepsis groups than those in the sepsis groups (Fig. [2](#F2){ref-type="fig"}B).

Liver in the MLA treated groups presented deteriorated impairment in histological assessment, including disappeared normal structure of liver tissues, diffusive edema and necrosis of hepatic cells, accompanied by aggravated infiltration of inflammatory cells (Fig. [2](#F2){ref-type="fig"}A). ICV administration of MLA enhanced the release of AST, ALT, and CG, as levels of these serum markers were much higher in the sepsis with MLA treated groups than the sepsis groups (Fig. [2](#F2){ref-type="fig"}C).

It was shown that lungs underwent more serious injury in the sepsis with MLA injection group when compared to the sepsis group. Pathological sections revealed more infiltration of inflammatory cells, diffusive hemorrhage and congestion of alveoli, and increased thickness of interstitium in the MLA treated groups, accompanied with elevated W/D ratio and MPO activity when compared to the sepsis groups (Fig. [2](#F2){ref-type="fig"}).

ICV injection of MLA markedly exacerbated acute kidney injury under septic challenge, as shown in Fig. [2](#F2){ref-type="fig"}. More infiltrated inflammatory cells and collapsed epithelial cells were observed in kidneys of the MLA treated groups. Meanwhile, disorganized structure was a main feature of exacerbated acute kidney injury in the treatment with MLA, along with elevated serum BUN and Cr levels.

The time-dependent effects of treatment with PNU282987 and MLA on sepsis induced multiple organ dysfunction
-----------------------------------------------------------------------------------------------------------

In order to maximize the intelligence of the effects of central α7nAchR on sepsis induced multiple organ dysfunction, we evaluated the time-dependent response of PNU282987 and MLA at 24 h, 48 h, and 72 h post CLP operation. The doses that functioned with maximum impact in the dose-dependent experiments of PNU282987 and MLA were selected respectively (PNU282987: 0.8 μg and MLA: 12 ng). The function of heart, liver, lungs, and kidneys were measured by injury parameters, including levels of CK, CK-MB, AST, ALT, CG, BUN, Cr, MPO, and W/D ratio (Fig. [3](#F3){ref-type="fig"}). ICV injection of PNU282987 did improve the function of heart, liver, lungs, and kidneys at different time points, while exacerbated effects were seen by ICV injecting MLA, as shown in Fig. [3](#F3){ref-type="fig"}.

The effects of treatment with PNU282987 on proliferation and secretion of splenic CD4^+^ T cells in sepsis
----------------------------------------------------------------------------------------------------------

In the current study, the proliferative activity of CD4^+^ T cells was determined by CCK8 assay. In the sepsis group, the proliferation of CD4^+^ T cells was suppressed in comparison to the sham group (Fig. [4](#F4){ref-type="fig"}A). IL-2, IL-4, and IFN-γ, secreted by CD4^+^ T cells, were major representatives for the function and polarization of CD4^+^ T cells. Concentrations of IL-2 and IFN-γ in culture supernatants were both strikingly reduced in the sepsis groups when compared to the sham groups. However, IL-4 concentration revealed a marked increase in the sepsis group (Fig. [4](#F4){ref-type="fig"}B). We further quantified the mRNA expressions of IL-2, IL-4, and IFN-γ in CD4^+^ T cells by quantitative real-time PCR. The results of gene expressions were in line with the trends of protein expressions (Fig. [4](#F4){ref-type="fig"}C). ICV injection of PNU282987 significantly reversed the suppressed proliferation and function of CD4^+^ T cells in the setting of sepsis, as evidenced by enhanced proliferation, increased expressions and release of IL-2 as well as IFN-γ, and inhibited production of IL-4 when compared to the sepsis groups. In addition, PNU282987 was in maximum effect when dosed at 0.8 μg (Fig. [4](#F4){ref-type="fig"}).

ICV injection of MLA exacerbated dysfunction of splenic CD4^+^ T cells in septic rats
-------------------------------------------------------------------------------------

ICV injection of MLA showed a potent suppressive effect on splenic CD4^+^ T cells, manifested by inhibited proliferative activity, reduced expressions and release of IL-2 and IFN-γ, but elevated IL-4 levels in compared to the sepsis group, which displayed an exacerbated immunosuppressive state compromised by sepsis (Fig. [5](#F5){ref-type="fig"}).

The time-dependent effects of treatment with PNU282987 and MLA on immune function of CD4^+^ T cells in sepsis
-------------------------------------------------------------------------------------------------------------

The splenic CD4^+^ T cells were harvested at 24 h, 48 h, and 72 h post CLP operation. The CD4^+^ T cells presented with remarkable disturbance in proliferation over time after sepsis initiation (Fig. [6](#F6){ref-type="fig"}A). Likely, productions of IL-2 and IFN-γ were significantly inhibited at 48 h and 72 h after the onset of sepsis, indicating a time-dependent suppressive state of CD4^+^ T cells (Fig. [6](#F6){ref-type="fig"}B). IL-4 concentrations, however, remained at high levels over time post CLP surgery (Fig. [6](#F6){ref-type="fig"}B). The gene expressions were in conformed to the trends of protein expressions (Fig. [6](#F6){ref-type="fig"}C). The doses used in the present experiments were selected according to dose-dependent pattern (PNU282987: 0.8 μg and MLA: 12 ng). ICV injection of PNU282987 showed marked improvements in alleviating suppressed function of CD4^+^ T cells, as evidenced by restored proliferation, elevated release of IL-2 and IFN-γ, and reduced IL-4 expression when compared to corresponding septic groups. While treatment with MLA deteriorated the suppressed proliferation and immune dysfunction of CD4^+^ T cells induced by sepsis at various time points (Fig. [6](#F6){ref-type="fig"}).

Effects of PNU282987 and MLA on survival rates of septic rats
-------------------------------------------------------------

The survival rates of septic animals were recorded at 12 h, 24 h, 36 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h post CLP surgery, respectively. No rats died in the sham group (survival rate: 100%). The survival rate was 40% in the sepsis group (n=26). ICV injection of PNU282987 significantly increased survival rate of septic rats in comparison to that in the sepsis group (n=26, 80% *vs.* 40%, *P*\<0.05). The survival rate was 36% in the MLA treated group, and showed no remarkable difference when compared to the sepsis group (Fig. [7](#F7){ref-type="fig"}).

Discussion
==========

Recently, the updated definition of sepsis that published by the third sepsis consensus conference provides new clinical criteria for early recognition and prognostic evaluation of septic patients [@B17]. The life threatening organ dysfunction and refractory immunosuppression are recognized as major lethal factors for septic patients [@B17], [@B18]. Treatments that aim at modulating immune function and attenuating organ injury will certainly benefit septic patients, especially after the failed trials via antagonizing pro-inflammatory mediators [@B19]. CAP is one of the specified applications of neuroendocrine-immune mechanism, and it provides a new horizon for immunomodulation as its protective effect has been documented in various diseases [@B16], [@B20]. α7nAchR, the unique periphery receptor for CAP, is considered as a promising therapeutic target when it is difficult to regulate the activity of systematic neuronal network [@B21]. Indeed, activation of α7nAchR has presented with significant protective effects in septic challenge, owing to its anti-inflammatory and immunoregulatory capacities [@B7], [@B22]. However, the clinical evidences of α7nAchR remain scarce in the treatment of septic patients, accompanied with major findings on cells and animals. One possible reason is that we can\'t ignore the potential role of central α7nAchR in immunomodulation, as it shows abundant expression in the central nervous system, and exhibits neuro-protective effect by abating local inflammation [@B23], [@B24].

Current study demonstrated that activation of central α7nAchR markedly ameliorated multiple organ injury, including heart, liver, lungs, and kidneys, and improved survival rates of septic rats. These organs all displayed severe injury of histomorphology compromised by severe sepsis, accompanied with notable elevation of corresponding functional markers [@B25], [@B26]. However, these abnormalities were obviously reversed by ICV injection of PNU282987 in a dose-independent pattern. To our knowledge, this was the first report that illustrated the effect of central α7nAchR modulation on peripheral immune response and organ dysfunction under septic exposure. With the dose-independent effects of PNU282987, it was legitimate since α7nAchR acted as an ion channel, and was prone to enter the desensitized state when subjected to overdosed stimulations [@B27], [@B28]. Therefore, maintaining the functional stability of α7nAchR might be a prerequisite for effective treatment of septic complication. We further evaluated the organ damage after brain α7nAchR was inhibited by ICV injection of MLA. The heart, liver, lungs, and kidneys, apparently, revealed more severe injury than those in the sepsis groups, including deteriorated abnormalities of histomorphology, and markedly elevated levels of organ functional parameters, which suggested that rats with suppressed activity of central α7nAchR were more susceptible to septic challenge. This is also identical with the tendency that has been observed in α7nAChR^-/-^ mice, as reported previously [@B29]. In the present study, the time-dependent effects of PNU282987 were evaluated, and they revealed significant protection against lethal sepsis at 24 h, 48 h, and 72 h post CLP surgery, as rats at these time points underwent serious organ injury and developed notable mortality over the course of sepsis. Thus, central α7nAChR might be a potential therapeutic target for sepsis by alleviating multiple organ injury.

Immunosuppression is critically involved in the development of MODS and poor outcome secondary to septic episode [@B30]. The α7nAChR on immune cells has been recognized with potent anti-inflammatory and immunomodulatory capacities, and exerts beneficial effects by attenuating organ injury and improving survival of septic animals [@B22], [@B29], [@B31]. Nevertheless, the role of central α7nAChR on periphery cell-mediated immunity has not been reported in the setting of sepsis. Herein, we found a significantly suppressed function of splenic CD4^+^ T cells owing to sepsis, as evidenced by decreased proliferative activity and lowered expressions of IL-2. Meanwhile, expressions of IFN-γ and IL-4 were presented with aberrant ratio that indicated the dominance of Th2 polarization in septic rats. Activation of central α7nAChR significantly reversed the immunosuppressive state of CD4^+^ T lymphocytes at different time points post CLP surgery, which was independent of dosage. While exaggerated dysfunction of CD4^+^ T cells was noted in MLA treated septic rats. These results indicated a certain effect of central α7nAChR on the recovery and reconstruction of immune function in severe septic models, which showed a distinct deviation between central and periphery α7nAChR. Indeed, the effects of periphery α7nAChR stimulation were mainly reported in alleviating the excessive inflammatory response after the onset of sepsis, involving reduced production of pro-inflammatory mediators and inhibited activation of immune cells [@B32], [@B33]. Likely, increased vagal activity was documented as a major contributor for immune paralysis in patients with traumatic brain injury, suggesting that the uncontrolled activity of periphery α7nAChR might be a potential cause for sepsis induced immunosuppression [@B34], [@B35]. From the current experiments, however, central α7nAChR presented with protective effects against sepsis lethality and immunosuppression after activated via ICV injection of PNU282987, as mentioned above. In addition to different distribution, this discrepancy might also result from the different severity of septic condition induced by CLP operation, as established with outward signs of multiple organ dysfunction, immunosuppressive state together with high mortality rate in our observations. Actually, PNU282987 and MLA that were used as agonist and antagonist for α7nAChR respectively were both small molecules, and could pass through the blood brain barrier to impact both central and periphery α7nAChR. However, the doses differed greatly between the two systems. Taking PNU282987 as an example, its molecular weight was about 264.7 g/mol, along with 2.4 for xLogP3-AA. Intraperitoneal administration of PNU282987 was reportedly beneficial for neurodegenerative disease and sepsis by attenuating local and system inflammatory response with the doses at 76 μg to 600 μg per rat, which was much higher than those used in our study (0.25 μg, 0.8 μg, and 2.56 μg per rat). Obviously, the doses of PNU282987 was inadequate to control the systematic inflammation when manipulated by ICV injection, which was equally applied to MLA in the present study. Given that central muscarine receptor has been identified as the primary receptor for manipulating the CAP activation [@B36], cerebral α7nAChR might modulate the activity of CAP in an indirect way, which needs to be further investigated.

The present study provided the first evidence that activation of central α7nAchR appeared to be beneficial for multiple organs dysfunction and immunosuppression under severe abdominal infection. As one of the major effectors for the neuro-endocrine immune network, the distinct role of central α7nAchR would promote new insights into the pathogenesis of sepsis and share a potential therapeutic target for ameliorating organ injury and modulating immune response. Thus, further researches that expect to explore specific mechanism underlying α7nAchR in the treatment of sepsis should cover both the central and the periphery α7nAchR, as the brain α7nAchR might be a promising therapeutic target in improving the prognosis of septic cases. Nonetheless, our study only described the protective effects of central α7nAchR on sepsis induced multiple organ injury and abnormal immune response, its precise mechanism remained to be clarified. Additionally, we have identified the role of central α7nAchR only by using selective agonists and inhibitors, but evidences on rats with α7nAchR gene knockdown were absent. It would undoubtedly provide stronger evidences for illustrating the effects of brain α7nAchR on sepsis induced multiple organ injury and immunosuppression when the evidences of α7nAchR gene knockout rats were added. With regard to the pathogenesis of host immune dissonance, we mainly focused on the adaptive immune system, the impact of cerebral α7nAchR on the innate immune system should be further elucidated. In addition, clarifying the interaction between brain α7nAchR and CAP might be helpful to improve the understanding of α7nAchR function associated with septic complications.

Conclusion
==========

In summary, these findings delineated a protective effect of central α7nAchR on reversing immunosuppression and attenuating multiple organ dysfunction, followed by significantly improved outcome of septic rats. While these signs revealed remarkable deterioration after inhibition of cerebral α7nAchR. Therefore, the α7nAchR might be a promising target for the treatment of sepsis in the way of central activation.
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![ICV injection of PNU282987 ameliorated sepsis induced multiple organ dysfunction. (1A) Histopathologic changes of heart, liver, lungs, and kidneys were measured by HE staining (×100 magnification). (1B, 1C, and 1E) Serum biochemical parameters, including creatine kinase (CK), CK-MB, aspartate aminotransferase (AST), alanine aminotransferase (ALT), cholylglycine (CG), blood urea nitrogen (BUN), and creatinine (Cr), were quantified by HITACHI 7600 to reflect organ dysfunction, respectively (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups;^\*\*^*P*\<0.01 as compared with other dose groups). (1D) Wet to dry ratio (W/D) and myeloperoxidase (MPO) activity of pulmonary tissues were quantified by weighting and ELISA kit, respectively (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups;^\*\*^*P*\<0.01 as compared with other dose groups).](ijbsv14p0748g001){#F1}

![ICV injection of MLA exacerbated multiple organ injury in septic rats. (2A) Histopathologic alterations of heart, liver, lungs, and, kidneys were determined by HE staining (×100 magnification). (2B, 2C, and 2E) Serum biochemical parameters, including CK, CK-MB, AST, ALT, CG, BUN, and Cr, were quantified by HITACHI 7600 to reflect organ dysfunction, respectively (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups). (2D) W/D ratio and MPO activity of pulmonary tissues were quantified by weighting and ELISA kit, respectively (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups).](ijbsv14p0748g002){#F2}

![The time-dependent response of PNU282987 and MLA on sepsis induced multiple organ dysfunction. (3A, 3B, and 3D) Serum biochemical parameters, including CK, CK-MB, AST, ALT, CG, BUN, and Cr, were quantified by HITACHI 7600 to reflect organ dysfunction, respectively. (3C) W/D ratio and MPO activity of pulmonary tissues were quantified by weighting and ELISA kit, respectively (n=6, ^\*^*P*\<0.01 as compared with the sham groups at the identical time points; ^\#^*P*\<0.01 as compared with the sepsis groups at the identical time points; ^\*\*^*P*\<0.01 as compared with sepsis groups at the identical time points; ^&^*P*\<0.01 as compared with different time points with PNU282987 administration; ^\#\#^*P*\<0.01 as compared with different time points with MLA administration).](ijbsv14p0748g003){#F3}

![Effects of treatment with PNU282987 on proliferation and secretion of splenic CD4^+^ T cells in septic rats. (4A) The proliferative activity of CD4^+^ T cells was measured by CCK8 assay and quantified by ELISA plate reader at 450 nm. (4B) Levels of IL-2, IL-4, and IFN-γ in culture supernatants were determined by ELISA kits. (4C) The mRNA expressions of IL-2, IL-4, and IFN-γ in CD4^+^ T cells were quantified by quantitative real-time PCR (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups;^\*\*^*P*\<0.01 as compared with other dose groups).](ijbsv14p0748g004){#F4}

![Effects of treatment with MLA on proliferation and secretion of splenic CD4^+^ T cells in rats following septic challenge. (5A) The proliferative activity of CD4^+^ T cells was measured by CCK8 assay and quantified by ELISA plate reader at 450 nm. (5B) Levels of IL-2, IL-4, and IFN-γ in culture supernatants were determined by ELISA kits. (5C) The mRNA expressions of IL-2, IL-4, and IFN-γ in CD4^+^ T cells were quantified by quantitative real-time PCR (n=6, ^\*^*P*\<0.01 as compared with the sham groups; ^\#^*P*\<0.01 as compared with the sepsis groups).](ijbsv14p0748g005){#F5}

![The time-dependent response of PNU282987 and MLA on the immune function of splenic CD4^+^ T cells in rats following septic challenge. (6A) The proliferative activity of CD4^+^ T cells was measured by CCK8 assay and compared among different time points after CLP surgery. (6B) Levels of IL-2, IL-4, and IFN-γ in culture supernatants were measured by ELISA kits. (6C) The mRNA expressions of IL-2, IL-4, and IFN-γ in CD4^+^ T cells were quantified by quantitative real-time PCR (n=6, ^\*^*P*\<0.01 as compared with the sham groups at the identical time points; ^\#^*P*\<0.01 as compared with the sepsis groups at the identical time points; ^\*\*^*P*\<0.01 as compared with the sepsis groups at the identical time points; ^&^*P*\<0.01 as compared with different time points with PNU282987 administration; ^\#\#^*P*\<0.01 as compared with different time points with MLA administration).](ijbsv14p0748g006){#F6}

![Effects of treatment with PNU282987 and MLA on the survival rates of septic rats. The survival rates were recorded at 12 h, 24 h, 36 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h post CLP operation, respectively. ICV injection of PNU282987 significantly increased the survival rate of septic rats in comparison to that in the sepsis group (n=26, 80% *vs.* 40%, *P*\<0.05). No remarkable difference was found between the sepsis with MLA injection group and the sepsis group.](ijbsv14p0748g007){#F7}
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